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Interrogating the temporal coherence of EUV frequency combs with
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A scheme to infer the temporal coherence of EUV frequency combs generated from intra-cavity
high-order harmonic generation is put forward. The excitation dynamics of highly charged Mg-like
ions, interacting with EUV pulse trains featuring different carrier-envelope-phase fluctuations, are
simulated. While demonstrating the microscopic origin of the macroscopic equivalence between
excitations induced by pulse trains and continuous-wave lasers, we show that the coherence time of
the pulse train can be determined from the spectrum of the excitations. The scheme will provide
a verification of the comb temporal coherence at time scales several orders of magnitude longer
than current state of the art, and at the same time will enable high-precision spectroscopy of EUV
transitions with a relative accuracy up to δω/ω ∼ 10−17.
A train of evenly delayed coherent electromagnetic
pulses resembles a structure in the frequency domain with
uniformly displaced frequency peaks, i.e, a frequency
comb (FC) [1, 2]. The inverse of the coherence time τc of
such a FC determines the width of each comb tooth, and
can be inferred by measuring the beating notes between
the corresponding pulse train and an independent ultra-
stable continuous-wave (cw) reference laser [3, 4]. For
optical FCs, coherence times longer than 1 s, or tooth
widths narrower than 1 Hz, have been measured [3, 4],
which allows wide applications of FCs in high-precision
spectroscopy [5, 6], the search for exoplanets [7, 8] and
the construction of ultrastable optical atomic clocks [9].
Through intra-cavity high-order harmonic generation
(HHG) [10] of femtosecond infrared (IR) pulse trains,
coherent extreme-ultraviolet (EUV) pulse trains rep-
resenting EUV FCs have been demonstrated [11, 12].
This could allow high-precision spectroscopy in the EUV
regime [13, 14] and enable next-generation atomic clocks
based on EUV transitions [15–17]. However, due to the
lack of cw EUV reference lasers, the temporal coherence
of an EUV FC is mainly investigated by splitting the
EUV pulse train into two pathways and then recomb-
ing them to perform Michelson interference [12, 18]. The
observed cross correlation between two adjacent pulses
reveals the well-defined temporal coherence on the time
scale of 10 ns [18]. This result was further verified by the
direct frequency-comb spectroscopy (DFCS) of atomic
transitions in Ne and Ar [13]: the measured fluorescence
spectra exhibited a full-width at half-maximum (FWHM)
of 10 MHz, implying that the coherence time of the EUV
FC is longer than 16 ns.
Instead of splitting the EUV pulse train, the IR pulse
train can be split and sent into two isolated cavities where
HHG takes place separately [19]. The cross-correlation
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measurement of the two almost independently gener-
ated EUV pulse trains indicates that HHG itself may
be the leading process affecting the coherence time of
the EUV frequency combs [19]. This suggests that when
the IR frequency comb is locked to a mHz ultrastable cw
laser [3, 20], EUV FCs with coherence times of τc & 1 s
(tooth width . 160 mHz) could be obtained. However,
recent studies [21, 22] argue that such a fine comb struc-
ture may not be achieved with currently available feed-
back loops, and have set an ultimate upper limit on the
comb coherence time of EUV FCs of τc . 64 ns (tooth
width & 2.5 MHz). Therefore, verifying the coherence
time of the EUV frequency comb at longer time scales
becomes essential. Currently, this is limited either by the
longest arm length tunable in the Michelson-interference
schemes [12, 18] or by the longest lifetimes of the EUV
transitions available in the DFCS schemes [13].
Highly charged ions (HCIs) can be produced, e.g., in an
electron-beam ion trap (EBIT) [23] and then be moved
to a cryogenic Paul trap (CryPT) [24–26] for interac-
tions with external lasers [26–28]. Due to the existence
of environment-insensitive forbidden optical transitions,
HCIs are of great interest in frequency metrology and for
tests of fundamental physics [29, 30]. By employing ex-
cited configurations, specific HCIs also provide forbidden
transitions that can be probed by EUV frequency combs.
This would enable the detection of the coherence time of
EUV pulse trains at time scales longer than 100 ns, and
at the same time render high-precision spectroscopy of
EUV transitions possible.
Table I: Transition energy ~ω and lifetime τ of the [Ne]3s3p
states in Mg-like ions. The lifetimes for Ca8+ and Ti10+ are
adopted from ref. [31]
1P1
3P2
3P1
3P0
ions ~ω (eV) τ ~ω (eV) τ ~ω (eV) τ ~ω (eV)
S4+ 15.765 301 ps 10.434 16 s 10.339 6.7 µs 10.294
Ar6+ 21.167 123 ps 14.331 5.3 s 14.122 1.3 µs 14.023
Ca8+ 26.592 94 ps 18.339 2.2 s 17.937 0.4 µs 17.752
Ti10+ 32.108 72 ps 22.487 0.4 s 21.790 0.1 µs 21.476
2Figure 1: Level structure and radiative transition rates (in
units of per second) of Ar6+.
In this Letter, we put forward the interrogation of
the coherence time of an EUV FC with highly charged
Mg-like ions featuring a ground-state configuration of
[Ne]3s2 1S0. The energies and lifetimes of the [Ne]3s3p
excited-state configurations for selected ions are pre-
sented in Table I. These values are calculated employing
multiconfiguration Dirac–Hartree–Fock (MCDHF) the-
ory [31, 32] and referenced with the experimental val-
ues available from the NIST atomic database [33]. In
contrast to the EUV transitions in neutral atoms that
usually decay within 100 ns [13, 14, 34–37], the EUV
transitions in Table I possess lifetimes around both 1 µs
and 1 s. Therefore, they can be used to investigate the
coherence time of an EUV pulse train for harmonics from
the 9th to the 19th order and beyond. By extending the
light–matter interaction to account for phase fluctuations
in the pulse train, we show that the coherence time can
be determined either through DFCS, where millions of
pulses interact with the ion [13, 38], or via Ramsey fre-
quency comb spectroscopy (RFCS) [14, 34, 36, 37, 39],
where only two pulses separated in time interact with
the ion.
Mg-like Ar6+ – We consider Mg-like Ar6+ ions as
shown in Fig. 1: the 1P1 state decays to the ground state
through a fast E1 transition within one cycle of the EUV
pulse, while the 3P1 and
3P2 states can effectively interact
with hundreds and millions of pulses before they decay,
and thus interrogate the temporal coherence of the EUV
pulse trains at time scales around 1.3 µs and 5.6 s, re-
spectively. State-of-the-art experimental energies [40] of
the transitions from the 3P1 and
3P2 states to the ground
state are 14.12248(24) eV and 14.33133(25) eV, respec-
tively, with a relative uncertainty of δω/ω ∼ 1.7× 10−5.
We will show that the investigations of the FC coherence
time can lead to a reduction of this uncertainty by several
orders of magnitude.
Frequency comb – In the time domain, a FC is de-
scribed as a train of consecutive pulses with a repetition
time of Tr [1, 2]:
E(t) = Ep
∑
j
f(t− jTr)cos(ω0t+ φ(t)), (1)
where Ep is the peak strength of the electric field,
f(t − jTr) is the normalized envelope of the j-th pulse
under a carrier frequency of ω0, and φ(t) is the carrier-
envelope phase (CEP) at time t. For an ideal case where
all these parameters are stable and deterministic, one
obtains an infinitely correlated pulse train with a perfect
comb structure in the frequency domain. However, fluc-
tuations in Tr and φ(t) lead to a finite correlation time
that broadens the lineshape of each tooth [21, 22, 41–
43]. Here, we only consider the CEP fluctuations which
we model as a random walk process such that [21, 22]
φ(t) =
∫ t
0
s(t′)dt′, (2)
where s(t) represents a Gaussian white noise with au-
tocorrelation 〈s(t)s(t′)〉 = σ2δ(t − t′). This results in a
coherence time of τc = 1/2piσ
2, corresponding to a tooth
FWHM of σ2 [22].
Bloch equations –We provide quantum dynamical sim-
ulations of the excitations of Ar6+ ions coupled to an
EUV pulse train. The duration of each pulse is assumed
to be 200 fs with a repetition time of Tr = 10 ns [27],
corresponding to a FWHM bandwidth of 2.19 THz and
repetition rate of 100 MHz. The carrier frequency ω0 is
tuned to the 3P1 →
1S0 transition. The energy separa-
tions between the levels shown in Table I are much larger
than the bandwidth of the frequency comb. Therefore,
the ions can be modeled as two-level systems whose dy-
namics are described by Bloch equations [44–47] in the
rotating-wave approximation:
ρ˙ee = −Im [µ
∗E∗(t)ρeg(t)]− Γρee(t), (3)
ρ˙gg = Im [µ
∗E∗(t)ρeg(t)] + Γρee(t), (4)
ρ˙eg =
iµE(t)
2
[ρee(t)− ρgg(t)] +
(
i∆−
Γ
2
)
ρeg(t).(5)
Here, ρee(t) and ρgg(t) are the populations of the excited
and ground states, respectively. ρeg(t) = ρ
∗
ge(t) is the off-
diagonal element of the density matrix. µ is the dipole
moment that couples to the field envelope
E(t) = Ep
∑
j
f(t− jTr)e
iφ(t). (6)
Furthermore, Γ is the spontaneous-emission rate and ∆ =
ω0 − ω is the detuning.
Population dynamics – Though most EUV FCs have
an average power around tens of µW [10], an average
power of several mW has been achieved recently [48].
Figure 2 shows the excitation dynamics by two 4-mW
combs with different coherence times: while Figs. 2a-c
refer to a comb with τc = 1 s as in ref. [19], Figs. 2d-f
stand for the comb from ref. [21] with τc = 64 ns. The
EUV light is supposed to be focused onto a 10-µm2 spot
such that Ep = 1.19 × 10
8 V/m. The excitations (red
lines) induced by a 170-nW resonant cw laser, with the
same fluctuating phase φ(t) but a constant field strength
of Eeff =
∫ Tr
0
E(t)dt/Tr = 3580 V/m, are also shown. This
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Figure 2: The population ρee(t) of the
3P1 state in Ar
6+ induced by two 4-mW EUV FCs. (a-c) comb 1 with τc = 1 s [19].
(d-f) comb 2 with τc = 64 ns [21]. (a,d) and (c,f) show the excitations during the first and last 15 pulses in (b,e), respectively.
cw laser, featuring a Rabi frequency of 720 kHz, bears the
same power as the average power held by a single comb
mode at ω0.
For both combs, one obtains coherent accumula-
tions [49–52] of stepwise excitations (Figs. 2a,d). The
amount of each stepwise excitation within the 200-fs
pulse duration is equivalent to the amount of continuous
excitation by the corresponding cw laser within a period
of Tr = 10 ns, representing the microscopic origin of the
macroscopic equivalence [38] between the pulse-train and
cw-laser excitations illustrated in Figs. 2b,e. While the
similarities in the excitations by the first 15 pulses shown
in Figs. 2a,d are clearly apparent for the two combs, dif-
ferences start to emerge at times beyond the 64-ns-long
coherence time of comb 2. For comb 1, whose CEP de-
phasing is negligible, the excitation by each pulse adds
up coherently and induces the Rabi oscillation [53] shown
in Figs. 2a,b. For comb 2, however, the CEP dephasing
starts to slow down the excitations, and a chaotic evolu-
tion is observed at long time scales (Fig. 2d,e).
Furthermore, when the time becomes much longer than
the 1.3-µs excited-state lifetime, the coherent excitation
of comb 1 evolves into a dynamical steady state [54–56].
The population decayed during the absence of the pulse
within each cycle (blue line in Fig. 2c) is subsequently
re-pumped by the next pulse, revealing the distinct tran-
sient behavior in comparison to the constant population
(red line) induced by cw lasers. The excitation dynam-
ics of comb 2, however, are always random and do not
approach any steady state (Fig. 2f).
DFCS scheme – To determine the coherence time of
the FCs and the energy of the ionic transition, Fig. 3 il-
lustrates the excitations as a function of the detuning ∆.
While Fig. 3a represents the steady-state excitation spec-
tra for comb 1, the spectra in Fig. 3b for comb 2 are the
average excitations over a duration of 1.3 ms. The results
for FCs with an average power of 40-µW (blue lines) are
also presented. For comb 1, whose 160-mHz tooth width
is much narrower than the 122-kHz natural linewidth, the
spectrum induced by a power of 40 µW recovers the nat-
ural lineshape of the corresponding ionic transition. The
slightly broadened FWHM of 162 kHz is a consequence
of power broadening which becomes more significant at
the power of 4 mW with a 8.5-fold broadened FWHM of
1041 kHz. Nevertheless, measuring such spectra would
enable the determination of the 3P1 →
1S0 transition
energy in Ar6+ to a relative accuracy of δω/ω = 10−11,
with an improvement by more than 6 orders of magnitude
compared to current results [40].
For comb 2, whose 2.50-MHz tooth width is 20-fold
broader than the natural linewidth, its excitation spec-
tra depicted in Fig. 3b reveal the coherence properties
of the comb itself. First, the spectrum induced by the
4-mW comb overestimates the tooth width by a factor
of 2.2 due to power broadening, and predicts a relatively
shorter coherence time of 29 ns. However, with a 40-µW
power, one obtains the lineshape of the comb tooth with
a FWHM of 2.65± 0.02 MHz (the 0.02-MHz uncertainty
is obtained from 100 realizations of the spectra), thus
providing a good determination of the 64-ns coherence
time with a 6% deviation. Therefore, the temporal co-
herence of FCs can be verified on a time scale of several
4Figure 3: Excitations vs detuning. (a) steady-state excita-
tions for comb 1 with τc = 1 s [19]; (b) 1.3-ms-averaged exci-
tations for comb 2 with τc = 64 ns [21]. For both cases, red
and blue lines refer to 4-mW and 40-µW comb powers, respec-
tively. The green dashed lines represent (a) the Lorentzian
lineshape of the 122-kHz-wide 3P1 →
1S0 ionic transition and
(b) the 2.50-MHz-wide comb tooth.
µs, which is orders of magnitude longer than in previ-
ous experiments [12, 13, 18, 21]. Furthermore, even for
a comb coherence time as short as 64 ns, Fig. 3b shows
that DFCS of the ions could still improve the accuracy
of the transition energy by 5 orders of magnitude.
The verification of the 1-s-long coherence time of
comb 1 would require tuning ω0 to the extremely nar-
row, 30-mHz, 3P2 →
1S0 forbidden transition around
14.331 eV. The effective Rabi frequencies of 35.6 Hz and
356 Hz for the EUV comb powers of 40 µW and 4 mW,
respectively, would result in hundreds to thousands of
Rabi cycles before the system evolves into a dynamical
steady state, thus enabling full quantum control of the
corresponding ionic states. The simulated FWHMs of the
spectra, however, show widths of 132 Hz and 1.25 kHz for
comb powers of 40 µW and 4 mW, respectively, due to
power broadening. Though they are more than 3 orders
of magnitude larger than the 30-mHz natural linewidth
and the 160-mHz comb tooth width, they still represent
an improvement in the accuracy of the 3P2 →
1S0 tran-
sition energy of Ar6+ to the level of δω/ω = 10−14, and
set up the lower bound of the EUV comb coherence time
to the range of milliseconds. Nevertheless, one can elim-
inate the power broadening to obtain a more accurate
determination of the coherence time ((on the 10% level
in our current example, limited by the finite lifetime of
the 3P2 state) and of the transition energy by employing
lower powers.
RFCS scheme – Power broadening can be eliminated
by implementing RFCS, where the ion is excited by two
pulses separated from each other by tn = nTr (n is
the number of repetition cycles between the two pulses).
When tn ≪ τ , the total excitations by each pulse-pair
can be calculated as [39]
ρee(tn) =
|µ|2
2
(EeffTr)
2 {1 + cos[∆tn + φ(tn)]} . (7)
The first and second terms in the bracket of Eq. (7) de-
scribe the excitations resulting from the first and second
pulse, respectively. Due to CEP dephasing, when tn be-
comes larger than τc, there is no deterministic and repro-
ducible phase relation between the two pulses. Therefore,
the averaged excitation reduces to [22]
〈ρee(tn)〉 =
|µ|2
2
(EeffTr)
2
[
1 + cos(∆tn)e
− 1
2
σ2tn
]
. (8)
While the cosine term generates Ramsey fringes and de-
termines the ionic transition frequency [14, 36, 37, 39],
the exponentially decaying term determines the coher-
ence time of the applied pulse train. Since the field
strength appears in Eq. (8) as a prefactor, power broad-
ening is eliminated in this case [39]. Therefore, RFCS
of Ar6+ ions can accurately measure the coherence time
of the FC. Moreover, when the temporal coherence of
comb 1 with τc = 1 s is verified, it can also infer the
corresponding transition frequency in Ar6+ with δω/ω ∼
10−17.
Conclusions – We show that the implementation of
the direct and Ramsey frequency comb spectroscopy of
highly charged Mg-like ions can allow the determination
of the coherence time of EUV FCs at time scales of several
seconds, up to 7 orders of magnitude longer than in pre-
vious experiments, and improve the high-precision spec-
troscopy of EUV transitions by 12 orders of magnitude to
the δω/ω ∼ 10−17 level. An experimental demonstration
of these experiments will open the door to quantum con-
trol [15] of highly charged ions and enable applications in
the search for physics beyond the standard model such
as the variation of the fine-structure constant, the poten-
tial existence of a fifth force [57], and the electric dipole
moment of elementary particles [58, 59].
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